Drones are increasingly popular tools for wildlife research, but it is important that the use of these tools does not overshadow reporting of methodological details required for evaluation of study designs. The diversity in drone platforms, sensors, and applications necessitates the reporting of specific details for replication, but there is little guidance available on how to detail drone use in peer-reviewed articles.
Introduction
Drones (Chapman 2014) are increasingly popular tools in the natural sciences and are notably being used for a growing variety of wildlife-related applications, including: monitoring of birds Ratcliffe et al. 2015; Weissensteiner et al. 2015; McEvoy et al. 2016) , marine mammals (Hodgson et al. 2013 (Hodgson et al. , 2017 Koski et al. 2015; Moreland et al. 2015; Adame et al. 2017; Pirotta et al. 2017 ; Barnas et al. 2018b ), large terrestrial mammals (Vermeulen et al. 2013; Guo et al. 2018; Su et al. 2018; Hu et al. 2020) , primates (Van Andel et al. 2015; Wich et al. 2015; Bonnin et al. 2018) , and reptiles (Elsey and Trosclair III 2016; Schofield et al. 2017; Thapa et al. 2018) ; wildlife habitat assessment and modeling (Chabot et al. 2014; Puttock et al. 2015; Fraser et al. 2016; Marcaccio et al. 2016; Olsoy et al. 2018) ; and wildlife conflict management (Israel 2011; Mulero-Pázmány et al. 2013 , 2014 Olivares-Mendez et al. 2015; Michez et al. 2016) . The steady progression of drones into the toolkits of wildlife researchers and managers has been documented through a growing number of literature reviews (Anderson and Gaston 2013; Linchant et al. 2015; Christie et al. 2016; Borrelle and Fletcher 2017; Fiori et al. 2017; Mulero-Pázmány et al. 2017; Mustafa et al. 2018; Rees et al. 2018; Johnston 2019) , and the publication of methodological synthesis and "best practice" articles (Junda et al. 2015; Hodgson and Koh 2016; Baxter and Hamilton 2018; Brack et al. 2018; Duffy et al. 2018 ).
The success of drones in this wide variety of wildlife applications is in part a result of the diversity of drone platforms, sensors, payloads, and specific ways they can be operated in the field. As drones become more popular, we expect there to be gradually fewer new proof-of-concept studies focused on drone operation, data collection, and post-processing methods; instead, future articles will increasingly focus on hypothesis testing and scientific inference based on drone-collected data. Nevertheless, it is important to efficiently document the details of drone equipment specifications and operational methods so they can be evaluated by readers and reviewers, and replicated or adapted for future use. This documentation will become increasingly important as drone technology and applications continue to diversify. Determining which details to include and how to present them can be a difficult task, with many articles devoting large sections of text to describing drone-related specifications and methods, or 4 conversely omitting certain details that are of crucial importance for proper replication. This can be complicated by the varied experience levels of article reviewers and journal editors, leading to inconsistent reporting in the literature. Thus, there is a need for guidance on reporting these details for wildlife-related drone applications (Crutsinger et al. 2016; Hodgson and Koh 2016; Buters et al. 2019) .
Other fields of research have overcome similar problems by outsourcing the description of technologies or methods to standardized reporting protocols (agent-based modelling (Grimm et al. 2006 (Grimm et al. , 2010 , bioscience research featuring laboratory animals (Kilkenny et al. 2010) , statistical methods featuring regression analyses (Zuur and Ieno 2016) , which offer a framework for authors to ensure that methodological details are thoroughly documented (Meek et al. 2014; Fidler et al. 2017 ). These protocols are often provided as supplementary material and are used to provide details of interest to a specialized readership. Such practices are already commonplace for complex statistical modeling methods that require the availability of data and code via online public repositories or supplementary material (Mislan et al. 2016) . As wildlife research methods become increasingly reliant on novel technologies, data collection methods need to be transparent so readers can evaluate and reproduce the study design (Ellison 2010; Fidler et al. 2017) .
Although various best practices for drone operations have been recommended in the literature, there are currently no recommendations for methodological reporting requirements for wildlife studies involving drones. Since drones are being increasingly used in wildlife sciences, with papers published in a wide variety of journals, a standardized reporting protocol would be of great benefit to the communication and dissemination of drone-related methods (Crutsinger et al. 2016; Buters et al. 2019) . Such a protocol would benefit journals and reviewers in the peer-review process, and assist authors by clearly stipulating the required information for publication. Ultimately, it would benefit readers who wish to pursue similar applications, as using drones can be a complicated endeavor and many practitioners may be surprised by the amount of work required before, during, and after drone operation.
In the following sections, we outline a proposed protocol for reporting methodological details of drone-based data collection in the wildlife sciences. For each section, we provide a brief description of the For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record. 5 information to be included along with justifications for why certain details are important to report. The protocol is written in the language and context of aerial drones, as these are the most commonly used, but could also be adapted to terrestrial or aquatic robotic vehicles.
The Drone Reporting Protocol

Project Overview
In this section the researcher should provide a brief description of the project and describe what type of data the drone was used to collect. It should include the research questions or data collection objectives that are being addressed by using drone technology. Briefly, what is the nature of the data collected by the drone (e.g. still images, video, biological samples)? The purpose of this section is to orient the reader and put the remainder of the document into context.
Drone System and Operation Details
Platform specifications
For commercial off-the-shelf systems, identify the make and model of the drone used in the study. If the drone is aerial, identify whether it is a fixed-wing or rotary-wing model. Provide a basic description of the drone, including weight, dimensions, number of rotors (if applicable), as well as any features of distinct importance to the study. This might include flight endurance, power source (including battery specifications), environmental or weather limitations, or special navigational instruments and capabilities. Describe the battery type or energy source used to power the drone. The reporting of such endurance characteristics is clearly relevant to evaluating the effectiveness of a drone for a particular purpose. If the drone was custom-built, provide an adequate description of the system comparable to the specifications typically provided by commercial manufacturers, and optionally include a photo or diagram of the drone, or of any specific custom components. The overall purpose of this section is to inform readers on the main physical, performance, and feature details of the drone that was used to meet the requirements of the study. For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
Takeoff and retrieval
Requirements and limitations relating to takeoff and retrieval can be crucial determinants of the suitability of a drone for a given application in a specific location, particularly for wildlife-related work that often takes place in remote, undeveloped, or otherwise challenging areas. Describe the method and requirements of takeoff for the drone used in the study. This is more relevant for fixed-wing platforms, but may still be reported for vertical-takeoff-and-landing (VTOL) models (i.e. "no specialized launching equipment was required"). Report details of how the drone was retrieved following flight completion, and what the retrieval requirements were in terms of space, surface, and equipment needed. A photo of any specialized launching or retrieval equipment should be included (see Hodgson et al. (2017) , Figure 2 ).
One of the most challenging situations is deploying a drone from a boat, where the "home location" and "ground level" do not remain fixed, so these studies should provide details on special procedures or adaptations (e.g. inertial measurement unit initialization) required for launching or retrieval from a moving "home-base".
Flight planning and method of operation
Describe the general approach used to perform drone flights in your study, whether manual, autonomous, or semi-autonomous. In the case of preprogrammed flights, state the flight planning software used. Authors are encouraged to use graphics or figures to describe flight plans, for example, a figure with a sample flight plan overlaid on a map or satellite image (e.g. Google Earth) including a scale reference.
Such figures are especially helpful for studies involving wildlife surveys, as readers can better assess the survey design. Describe any relevant use of ground control station or other remote control equipment to control or monitor the aircraft during flight. State how many people were required to operate the system and describe their roles. State whether any special provisions were required during operation, such as internet access, that could be difficult to implement in remote ecological work. Any additional, nonstandard equipment that was required for drone operations should be detailed and documented.
Payload, Sensor, and Data Collection
This section will vary considerably among studies depending on the payload or the type of data collected. As such, the recommendations in this section are only meant as general guidelines for authors, For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record. 7 as it is not possible to give reporting requirements for all types of sensors or payloads. The following recommendations focus primarily on image collection, which is the most common application of drones.
However, authors should carefully consider which details are necessary to make the study repeatable given the payload, data collection, and manipulation methods.
Data overview
While many applications of drones involve the acquisition of imagery, other payloads also have been used for wildlife-related applications, including acoustic sensors (Wilson et al. 2017; Fu et al. 2018 
Payload or sensor description, and data collection methods
Describe the onboard payload(s) or sensor(s) used in the study. Report the make and model, and basic specifications (e.g., number of megapixels for standard cameras, number of bands for multi-or hyperspectral cameras, etc.) of any commercially available payloads or sensors, or provide an adequate description of custom-made payloads (including photos if appropriate). In the case of multi-or hyperspectral, and other specialized cameras, report band wavelengths and widths, as well as any accessories for performing radiometric calibration of the imagery (e.g., downwelling incident light sensor, calibration panel). In the case of standard RGB still images, camera shooting parameters and settings can have a major impact on image quality and characteristics. Therefore, it is important to include settings for focal length, shooting mode, shutter speed, aperture, ISO, metering mode, focus, etc. If payloads, sensors, or settings were changed for different objectives, clarify this here. If applicable, provide information on any sensor mounting or stabilization system used. Describe how the sensor or payload was operated For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record. 8 during flight: e.g. fixed or operator-controlled camera orientation and zoom; manual or automated camera triggering; etc. State whether the data were downloaded or viewed in real time, or stored onboard the drone (or both), and in the latter case, by what means (e.g. onboard SD cards). If applicable, describe how the imagery was georeferenced: e.g. direct geotagging of photos and use of ground control points (GCPs) (including the number and layout of GCPs, along with the make and model of the GPS receiver used to survey them). In the case of imagery that was subsequently mosaicked, state the percentage of forward and lateral overlap between photos. Finally, it is of key importance to state the spatial resolution of aerial imagery, e.g. the size of the pixels on the ground, or ground sampling distance.
Field Operation Details
Provide a summary of the operational details of the drone work conducted in the study. In cases of relatively simple or straightforward operations such as those involving a single flight or multiple flights with the same general parameters, details in this section may be limited to a level comparable to the information typically provided in the main body of a manuscript. For example, include date(s) and time(s) of operations (can be given as ranges), weather conditions (e.g. range of temperatures and wind speeds), total number of flights, flight duration(s) (average and range), and flight altitude(s) (usually expressed as above ground level except for marine operations). However, for more complex operations such as those involving numerous flights, many flight days, more than one drone, multiple different locations or focal wildlife species, varying flight or sensor parameters, or particular dependency on precise timing or environmental conditions, authors should provide sufficient detail for readers to be able to properly follow and assess these specifics. More detailed operational summaries may be provided, for example, in table format. State whether the operational range (area surveyed) was limited by the vehicle or due to regulations or permissions restricting beyond-line-of-sight surveys.
Data Post-Processing
Describe any post-processing that was performed to prepare the raw data for formal analysis.
For georeferenced imagery, this commonly involves photogrammetric processing to produce orthomosaics or digital surface models (DSMs), in which case authors should state which software was For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
used and any processing templates or presets that were applied, or any special settings that were used at various stages to optimize results. Mention any special processing steps taken with regard to radiometric calibration or georeferencing of the imagery and, if relevant and possible, provide estimates of the error associated with these processes. State the spatial resolution of the various final outputs if it differs from that of the raw imagery. Authors are encouraged to include any software-generated processing logs and quality reports in appendix to provide full details of processing parameters and results. If any integrated automated detection features are employed, provide any relevant details that are used to prepare the data for analysis.
Permits, Regulations, Training, and Logistics
Public opinion of drone use remains apprehensive, and potential users may be surprised to learn of conflict between researchers and the public when it comes to drones (Markowitz et al. 2017) . As such, responsible use is imperative to the continued use and acceptance of drones in natural sciences. This section is intended to demonstrate regulatory compliance, provide a primer for the amount of preparatory work and considerations required prior to drone operation, and emphasize the extent of operator training that may be required for the specific system used in the study. All permits directly relevant to the use of a drone in the study should be listed here (e.g. government permits, approved animal care protocols, etc.).
As drone technology continues to become more accessible, regulations governing their use are likely to change and readers will benefit from current information on permitting requirements (Duffy et al. 2018) .
Authors are also encouraged to mention if any aspects of the work they had originally set out to accomplish with the drone were precluded by regulatory restrictions, or if the drone's potential contributions to the study were otherwise limited in any significant way by regulations. If any special training courses or pilot certifications were required, these should be reported as well. Finally, mention any other significant logistical issues or considerations that arose from the drone use in the study, such as challenges transporting high-capacity batteries to the study location onboard commercial airplanes. For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
Discussion
Until very recently, drones were viewed as an interesting novelty in place of more established remote sensing technologies (Chabot 2018) . However, the rapid integration of drones into the wildlife sciences, along with their breadth of applications, has secured their place among the toolkit of wildlife researchers. Here, we have provided a standardized approach for reporting drone methodological details for the process of peer-review and replication. As technology changes so will considerations for reporting requirements; therefore, future studies will likely need to provide additional information not covered by this protocol. As such, our goal here is not to provide an all-encompassing protocol, but rather create a set of basic standards of reporting in ecological studies involving drones. Ultimately, the onus is upon authors to provide the relevant information that is required to evaluate and replicate the data collection by drones in their research.
Increasingly, larger-scale drone research is being conducted by third parties, alleviating financial costs of drone models capable of long-distance surveys for single PIs or small laboratories. In these cases, the use of drone data for ecological research becomes analogous to the acquisition of satellite imagery, whereby a third party collects data, and researchers are supplied with the data for analysis and interpretation. However, the commercial acquisition of drone imagery does not release authors from the responsibility of providing the technical details of the original data collection required to replicate study design. If third party drone operators are employed for ecological studies, researchers will have to work closely with operators to provide the relevant information when producing manuscripts for peer-review.
Standardization of a reporting structure is key to improving communication and dissemination of research. This protocol has been designed so that no specialized equipment or extraneous effort is needed for its production. Indeed, all of the information listed within the protocol should already be possessed by the researcher(s), and could reasonably be requested by an informed reviewer or editor. We hope this provides authors with a method by which they can readily organize their information for readers. To facilitate the uptake and ease of use of this protocol, we have included two example protocols, For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
retroactively produced by the authors of this protocol. We hope that in doing so, we have sufficiently covered a diversity of applications and pre-emptively addressed common questions or scenarios.
Authors will still have to provide a general overview for the method of data collection in the manuscript, but this protocol will ultimately save the reader from the minutia of drone and sensor detail that would otherwise be embodied in the methods section of manuscripts. In cases where information may be repeated in the main manuscript, we encourage authors to also include this information in the supplemental drone protocol, thereby allowing the protocol to be assessed independently.
Note it is not intended that this protocol include any details on the statistical or spatial analyses of data, unless such analyses were used in informing flight design and data collection. Our hopes are that the current version of this protocol should assist with the communication, dissemination, and adoption of drone technology for wildlife research and management.
